INTRODUCTION
============

Genomic DNA is under constant oxidative stress arising from agents like endogenous and exogenous free radicals, and γ- and X-ray irradiation. This challenge leads to DNA damage ranging from oxidized nucleobase products to single and double strand breaks ([@b1]). Understanding the origins of DNA oxidative damage is critical since increased levels of oxidative lesions have been implicated in the pathologies of adverse health conditions including cancer, atherosclerosis and diabetes ([@b2]--[@b4]). An analysis of the effects of oxidative stress on genomic DNA is complicated by the fact that DNA can act as an efficient carrier of excess charges. In other words, an excess electron or electron hole generated at a specific location in duplex DNA may not stay localized, but instead possess the ability to migrate long distances away from the initial damage site. Evidence for this electronic property of DNA comes primarily from *in vitro* experiments where the DNA nucleobases are either oxidized ([@b5]--[@b8]) or reduced ([@b9],[@b10]) by a variety of exogenous agents. When DNA is oxidized, the resulting hole usually will localize at guanine to form a guanine radical cation (G^•+^), since the oxidation potential of this nucleobase is lower than those of A, T, C and the sugar phosphate backbone ([@b11]). Once formed, a G^•+^ has several fates available to it. First, it can simply recombine with the removed electron to return the system back to ground state. Second, G^•+^ can react with agents such as water to yield mutagenic guanine oxidative lesions ([@b12]). Third, the initially formed G^•+^ can undergo a hole hop, or a nearly isoenergetic electron exchange reaction with a nearby guanine ([@b13],[@b14]), moving the electron deficient site \>200 Å away from the site of initial oxidation ([@b15],[@b16]).

While long-range DNA hole transport has been definitively established *in vitro*, the importance of this process in the eukaryotic nucleus has not. The primary reason for the lack of understanding of DNA hole migration *in vivo* arises from an incomplete picture of how chromatin structure impacts these reactions. The majority of the previous studies on DNA hole transport dynamics have been carried out using DNA substrates which were present naked in solution, and therefore they were free of any bound proteins. The reversible formation of a compact DNA--protein complex known as chromatin is a critical structural feature of the eukaryotic nucleus since 2 m of genomic DNA must fit into an ∼10 µm diameter human cell nucleus. The initial level of DNA compaction in chromatin is carried out by the formation of a nucleosome core particle (NCP). NCPs have been well characterized structurally through X-ray crystallography ([@b17]) and various additional thermodynamic and biophysical methodologies ([@b18],[@b19]). A NCP consists of 146--147 bp of DNA wrapped 1.75 turns around an octamer built from two copies each of histones H2A, H2B, H3 and H4 ([@b17]--[@b19]). Between each NCP on a chromosome lies a linker region of DNA between 20 and 100 bp in length. The structure of the DNA packaged into a NCP is not the same as the Watson--Crick, B-form DNA found predominantly in naked DNA under intercellular conditions ([@b17]--[@b19]). For example, the DNA at the entrance and exit of the nucleosome is overwound and has a pitch of 10.0 bp/turn instead of the B-form 10.5 bp/turn. To help alleviate the strain placed upon the duplex in the overwound regions, the DNA near the pseudo-symmetry axis of the NCP is underwound and possesses a pitch of 10.7 bp/turn.

The effects of the changes in the DNA structure and/or local DNA environment associated with NCP formation on DNA hole transport reactions are of primary concern in the studies reported here. In the previous literature, the binding of proteins to DNA has been shown to have a variety of effects on the dynamics of DNA charge transport. Rajski *et al*. studied the effects of three different DNA binding proteins---restriction endonuclease PvuII, transcription factor ANTP and TATA-box binding protein (TBP)---on hole transport dynamics in DNA duplexes modified by a Rh-metallorganic photooxidant ([@b20]). Binding of PvuII and ANTP increased hole transport, whereas the binding of TBP decreased hole transport through the TBP-binding site. The authors attributed the different effects of these proteins to the extent of base stack structural perturbation in the DNA--protein complex. Consistent with their hypothesis that changes in DNA base stacking are responsible for the observed hole transport dynamics in DNA--protein complexes, Nunez *et al*. recently found that hole transport dynamics in a reconstituted NCP were nearly identical to those in the same DNA free in solution ([@b21]). This picture of base pair continuity being the primary factor controlling DNA hole transport in protein--DNA complexes is challenged by a report from Nakatani *et al*. ([@b22]). Here hole transport between two guanine oxidation sites flanking a BamHI binding site was greatly reduced by DNA--protein interactions, even though previous X-ray crystal structures indicated that BamHI does not perturb the integrity of the DNA base pair stacking upon binding ([@b23]). The authors attributed the attenuation of hole transport in the DNA--BamHI complex to the presence of a charged arginine residue making hydrogen bonding interactions with one of the guanine bases in the DNA major groove. Taken together, these studies indicate that an understanding of the effects of DNA--protein interactions on the dynamics of DNA hole transport is still in its infancy.

Even though Nunez *et al*. have studied DNA hole transport in the setting of a NCP, questions surrounding the effects of nucleosome formation on these long-range hole transport reactions are far from settled. For starters, NCPs form on a wide variety of genomic DNA sequences. This fact is reinforced by the observation that in the published X-ray structures electrostatic interactions are largely responsible for the stabilization of NCPs since there are no specific hydrogen bonds between the histone amino acid residues and the DNA nucleobases ([@b17]). Even though the histone octamer does not utilize a direct readout of DNA sequences, the thermodynamic stability of a NCP is directly related to the sequence of the bound DNA ([@b18],[@b19],[@b24],[@b25]). With this large *in vivo* distribution of NCP thermodynamic stability in mind, we are initiating a strategic assessment of the hole transport dynamics in NCPs of varying DNA sequence in order to assess global trends. Our first efforts towards this endeavor are communicated in this paper for an artificial DNA sequence known as the TG-motif ([@b26],[@b27]), a sequence which leads to the formation of structurally well-defined NCPs. For the selective initiation of oxidative damage, we utilize DNA duplexes covalently modified by an Anthraquinone photooxidant ([Figure 1A](#fig1){ref-type="fig"}) at one 5′-terminus. We show in this communication that NCP formation does in fact lead to drastic changes in both (i) the overall yield of DNA oxidative lesions and (ii) the observed distribution of oxidative damage sites in TG-motif NCPs. The results of this study are expected to contribute to our understanding of how DNA--protein interactions impact the dynamics of DNA-mediated charge transport reactions, as well as the impact of oxidative stress-induced DNA charge migration on global genomic integrity in eukaryotes.

MATERIALS AND METHODS
=====================

Reagents and chemicals
----------------------

Monobasic sodium phosphate, phenylmethylsulfonic fluoride (PMSF), thiourea and sodium [l]{.smallcaps}-ascorbate were purchased from Sigma-Aldrich. Urea, phenol/chloroform and H~2~O~2~ were obtained from Fisher Scientific. Stock 40% acrylamide solutions were supplied by BioRad. T4 Polynucleotide Kinase (PNK), T4 DNA Ligase (T4 Lig) and Exonuclease III (ExoIII) were purchased from New England Biolabs. \[γ-^32^P\]ATP (5 mCi/mL, 3000 Ci/mmol specific activity) was supplied by Perkin Elmer. The 3500 MWCO Mini Slide-a-Lyzer Dialysis units were from Pierce. All phenol/chloroform-based separations of DNA and protein were performed using 0.5 mL Eppendorf Gel Phase Lock tubes. G-50 ProbeQuant micro spin columns were purchased from Amersham Biosciences.

Construction of DNA duplex AQ-TG157
-----------------------------------

AQ-157TG, a 157 bp DNA duplex covalently modified by AQ at one 5′-terminus and built around the strong NCP positioning TG DNA motif, was constructed in the following modular fashion. Six oligonucleotides **AQ-A** AQ-d(AAA TGC CGG TGA GGT CGG TGT TAG TGC CTG TAA CTC GGT GTT AGA GCC TGT AAC TCG G), **B** d(GTT ACA GGC ACT AAC ACC GAG TTA CAG GCA CTA ACA CCG ACC TCA CCG GCA TTT), **C** d(TGT TAG AGC CTG TAA CAC TCT CAG CCT TTG GC), **D** d(GAG TGC CAA AGG CTG AGA GTG TTA CAG GCT CTA ACA CCG A), **E** d(ACT CTC GGT GTT AGA GCC TGT AAC TCG GTG TTA GAG CCT GTA ACT CGG TGT TAG AGC CTG TAA CGA TA) and **F** d(TAT CGT TAC AGG CTC TAA CAC CGA GTT ACA GGC TCT AAC ACC GAG TTA CAG GCT CTA ACA GCG A) were synthesized by standard solid phase synthesis on an ABI Applied Biosystems 380B DNA synthesizer. Strand **AQ-A** was modified at its 5′-terminus by an AQ-phosphoramidite reagent generated using a previously reported synthetic scheme ([@b28]). Oligonucleotides **B**--**F** were synthesized Trityl-On, and all six strands were individually deprotected by heating them for 16 h at 55°C in concentrated ammonium hydroxide. After deprotection, the oligonucleotides were purified by high-performance liquid chromatography (HPLC) on a Waters 2690 system equipped with a Waters 996 Photodiode Array Detector and a Nucleosil C18 RP column (Hichrom). Following purification, oligonucleotides **B**--**F** were lyophilized, de-tritylated by treatment with 80% acetic acid for 30 min, and ethanol precipitated. Strand **AQ-A** was lyophilized, resuspended in H~2~O and ethanol precipitated. Oligonucleotide purity was ascertained using 20% polyacrylamide gel electrophoresis (PAGE), and the product yield was determined by A~260~ measurements on a Cary 100 Bio spectrophotometer (Varian).

After purification, the 5′-termini of strands **B**, **C**, **D**, and **E** (2 nmol each) were phosphorylated by incubation with 20 U of PNK and 10 mM ATP at 37°C for 45--60 min. The three duplexes **AQ-AB**, **CD** and **EF** were individually hybridized in a buffer composed of 100 mM NaCl, 10 mM Tris and 1 mM EDTA. Briefly, equimolar amounts of complementary oligonucleotides were mixed and placed in a temperature controlled spectrophotometer (Cary Bio 100), the samples heated to 90°C over 10 min, and the mixtures cooled at a rate of 0.5°C/min to 10°C. After hybridization, each duplex was ethanol precipitated. Next, the full length AQ-157TG duplex was produced by a step-wise DNA ligation protocol. First, duplexes **CD** and **EF** were ligated together in a reaction mixture containing 120 U of T4 Lig, 10 mM ATP, and 2 µM total DNA incubated at 16°C overnight. After verification of successful ligation (≥50% product yield) by electrophoresis on a 3% agarose gel, an equal concentration of duplex **AQ-AB** was added *in situ*, the ligation mixture supplemented with additional T4 Lig, and the reaction incubated overnight at 16°C. The desired 157 bp DNA product was purified by preparative (20 cm × 20 cm) 10% denaturing (7 M urea) PAGE, re-hybridized by the same protocol described previously for the individual duplexes, and precipitated by ethanol treatment. Following purification, the yield of AQ-157TG was calculated using A~260~ measurement. Before reconstitution, the 5′-terminus of strand **BDF** (counter to the AQ-labeled strand) was labeled with ^32^P by incubation of AQ-157TG with 20 U of T4 polynucleotide kinase and 2 µL (20 µCi) \[γ-^32^P\]ATP. Labeled samples were then extracted with phenol/chloroform, the excess \[γ-^32^P\]ATP removed using a G-50 ProbeQuant size exclusion column, and the DNA precipitated using ethanol.

Preparation of reconstituted nucleosome core particles
------------------------------------------------------

Chicken erythrocyte NCPs stripped of linker histones H1 and H5 ([@b29]) were a gift from the laboratory of Dr Michael J. Smerdon (Washington State University). The integrity of the core histone proteins was verified by 18% SDS--PAGE analysis on a routine basis. Reconstitution of the AQ-157TG DNA duplex onto NCPs was performed using the method of Moyer *et al*. ([@b30]). The ^32^P-labeled duplex (∼100 nM, ∼100k c.p.m.) was combined with NCPs (0.6 mg/mL) at a 1:50 molar ratio in 60 µL of a 1M NaCl, 10 mM sodium phosphate buffer (pH 7.0). Salt exchange dialysis was performed in 3500 MWCO Mini Slide-a-Lyzer Dialysis units at 4°C. Immediately prior to dialysis at each salt concentration, PMSF was added to the dialysis buffer to 0.2 mM final concentration. Initial dialysis was against buffered 1M NaCl for 45 min, followed by buffered 600 mM NaCl for 60 min, buffered 300 mM NaCl for 60 min, and finally 10 mM sodium phosphate (pH = 7.0) for 60 min. Evaluation of the reconstitution efficiency was performed by EMSA on 6% native acrylamide gels ran at 100 V and ∼0 W. The gels were dried, exposed to a Phosphorscreen (Amersham Biosciences) and visualized on a 445 SI Phosphorimager (Molecular Dynamics). All gel analysis was performed using ImageQuant software (Molecular Dynamics).

Footprinting of reconstituted nucleosome core particles
-------------------------------------------------------

The translational setting of AQ-157TG rNCPs was assessed by ExoIII digestion. Briefly, separate samples of reconstituted nucleosomes and free AQ-157TG were digested by 1 U of ExoIII for 3 min at 37°C. The reaction was quenched by rapid phenol/chloroform extraction of the ExoIII from the mixture, followed by DNA ethanol precipitation. The DNA pellets were then resuspended in formamide loading buffer and ran on an 8% (7 M Urea) sequencing gel at 60 W for 120 min. To examine the rotational positioning of the DNA on the reconstituted NCPs, hydroxyl radical (OH^•^) footprinting was employed ([@b31]). Redox reactions between Fe(II)-EDTA (20 µM), H~2~O~2~ (0.3% v/v) and sodium [l]{.smallcaps}-ascorbate (1 mM) were used to generate OH^•^ *in situ*. After 1 min at room temperature for free AQ-157TG, or 10 min at room temperature for rNCPs, the reactions were quenched by the addition of EDTA (40 mM) and thiourea (7 mM). The DNA was then treated by phenol/chloroform extraction and ethanol precipitation was carried out in the presence of glycogen. The DNA was resuspended in formamide loading buffer and was then separated on a 7M urea PAGE (6--8%) sequencing gel, followed by autoradiography.

UV-irradiation and assessment of DNA charge transport reactions
---------------------------------------------------------------

Irradiation of free AQ-157TG (∼100 nM) and rNCPs were separately performed in a Luzchem photoreactor (Luzchem Research) with 6 UV-A lamps (∼0.3 mW/cm^2^ per lamp) centered at 350 nm for 30--60 min at 25°C. After irradiation, the AQ-157TG duplex was dissociated from the core histones by heating the samples at 90°C for 5 min. The DNA was then immediately subjected to a phenol/chloroform extraction and ethanol precipitation with 2 µL glycogen (20 mg/mL) as a carrier. Both irradiated and non-irradiated DNA were treated with hot 10% piperidine (90°C) for 30 minutes, followed by lyophilization and two washes with 30 µL ddH~2~O. The dried DNA pellets were resuspended in formamide loading buffer and samples (∼10 k c.p.m.) were loaded and ran on 7M urea, 8% acrylamide sequencing gels at 60 W constant power for 2 h. The gels were dried, exposed to a Phosphorscreen (Amersham Biosciences), and visualized on a 445 SI Phosphorimager (Molecular Dynamics). All gel analysis was performed using ImageQuant software (Molecular Dynamics).

RESULTS
=======

Design and construction of AQ-157TG DNA
---------------------------------------

N-alkyl-Anthraquinone-2-amide (AQ; [Figure 1A](#fig1){ref-type="fig"}) is a well characterized photooxidant used in many previous studies to initiate DNA charge transport (CT) reactions ([@b6],[@b32],[@b33]). A reaction scheme for AQ-initiated DNA hole transport is shown in [Figure 1B](#fig1){ref-type="fig"}. Briefly, irradiation of AQ at ∼350 nm generates the lowest singlet excited state of AQ (^1^AQ\*) which quickly undergoes intersystem crossing (ISC; [Figure 1B](#fig1){ref-type="fig"}) to the lowest triplet state (^3^AQ\*) ([@b6]). ^3^AQ\* oxidizes a nearby G base, thus forming the AQ radical anion (AQ^•−^) and guanine radical cation (G^•+^). To liberate the electron hole in the DNA base pair stack, O~2~ acts as a scavenger to remove the excess electron from AQ^•−^ ([@b6]). Once liberated, the hole is free to move between guanines in the DNA duplex. The interplay of hole hopping rates (*k*~hop~) between guanine sites and site-dependent charge trapping rates by agents like water, O~2~ ([@b34]) and O~2~ ^•−^ ([@b35]) (*k*~trap~) leads to a final steady state distribution of piperidine-labile oxidized guanine products.

In order to study DNA CT reactions in NCPs possessing a well-defined structure, we chose to utilize DNA duplexes containing multiple repeats of the non-natural TG-motif NCP binding sequence d(T[CGG]{.ul}TG[TTA]{.ul}GA[GCC]{.ul}TG[TAA]{.ul}C) ([@b27]). The phasing of the alternating G/C and A/T rich blocks (underlined above) was designed to ensure that DNA duplexes built around the TG-motif will possess only one structural conformation upon reconstitution to form a NCP ([@b27]). Our 157 bp synthetic oligonucleotide duplex, AQ-157TG ([Figure 1C](#fig1){ref-type="fig"}), incorporates a total of six TG motifs. The AQ photooxidant was covalently attached at one 5′ end of the duplex, while the other 5′ end was labeled by ^32^P for the quantization of DNA oxidative damage yields using autoradiography. Previous NMR structures ([@b36]) of 5′-covalent DNA modifications, and molecular modeling of AQ-DNA complexes ([@b28]), lead to the expectation that in an aqueous environment the AQ photooxidant will preferentially end-cap, or stack onto the base pairs at the end of the DNA duplex. However, we initially had uncertainties about whether the AQ would end-cap onto the DNA duplex in a reconstituted NCP (rNCP), as intended, or instead associate with hydrophobic regions on the core histone proteins. We therefore designed AQ-157TG such that the AQ would be placed at the end of 10 bp of linker DNA, and thus one full duplex turn away from the expected entrance of a rNCP. In addition, the sequence d(AAATGCC) was placed proximal to the AQ in order to ensure that DNA oxidative damage yields would not be limited by charge injection efficiency in these studies ([@b37]).

The production of AQ-157TG utilized a modular system involving the solid phase synthesis of six oligonucleotides, labeled **AQ-A** through **F**, through standard phosphoramidite chemistry. Following reverse phase purification by HPLC, oligonucleotides **B**--**E** were phosphorylated at their 5′-termini. Duplexes **AQ-AB**, **CD** and **EF** were individually hybridized, then ligated together in a stepwise, one-pot ligation reaction. The results of a typical multistep ligation are shown in[Figure 2A](#fig2){ref-type="fig"}. AQ-157TG was purified from the ligation reaction by electrophoresis on a 10% denaturing PAGE gel. The AQ-157TG single strands were then extracted from the appropriate acrylamide fragments, rehybridized and the yield of AQ-157TG calculated from A~260~ measurements. This methodology does not produce high yields of full length AQ-157TG (\<10%); however it does result in a very pure (\>95%) single parent band when labeled with ^32^P and electrophoresed on a DNA sequencing gel. In particular, we note that there are little to no extra non-ligated DNA fragments present in any of the experiments reported here.

Reconstitution of AQ-157TG nucleosome core particles and footprinting
---------------------------------------------------------------------

The incorporation of AQ-157TG into NCPs was carried out by process known as reconstitution ([@b19]). NCP reconstitution is initiated by mixing, in the presence of 1M NaCl, native NCPs with DNA that forms thermodynamically stable NCPs. The high salt concentration will disrupt the electrostatic interactions between the negatively charged genomic DNA and the basic histones. Lowering the ionic strength of the solution by stepwise dialysis leads to the formation of NCPs, only now the exogenous DNA duplex out-competes some of the endogenous DNA to yield reconstituted nucleosome core particles (rNCPs) ([@b29]). Reconstitution was initiated by mixing an ∼1:50 molar ratio of ^32^P labeled AQ-157TG and chicken erythrocyte NCPs in a 1 M NaCl, 10 mM NaP~i~, pH 7.0 buffer, followed by slow dialysis down to 10 mM NaP~i~. The reconstitution products were analyzed by an electrophoretic mobility shift assay (EMSA) ([Figure 2B](#fig2){ref-type="fig"}). This EMSA shows that (i) from autoradiography, the reconstitution efficiency of AQ-157TG was \>95%, (ii) AQ-157TG reconstitutes onto NCPs to form predominantly mononucleosomes since there is only (a) one slow migrating band and (b) no evidence of higher order DNA--protein aggregates in the gel (Supplementary Figure 2) and (iii) the presence of the 5′-AQ label does not perturb the reconstitution of AQ-157TG onto NCPs since this EMSA is identical to an EMSA of NCPs formed via the reconstitution of a 157TG duplex with a 5′-aminopropyl linker in place of the AQ chromophore (data not shown).

In order to characterize the conformational structure of the AQ-157TG rNCPs, DNA footprinting experiments were performed. These experiments allow a full characterization of both the rotational and the translational settings of a DNA duplex on the surface of a NCP. To investigate the perturbation of DNA CT by NCP formation, ideally a homogeneous mixture of rNCPs containing only one DNA rotational and one DNA translational setting would be used. When a NCP possesses a single translational setting, there is no sliding of the DNA on the protein surface and there are defined nucleobases at the entrance and exit to the core particle ([@b38]). Exonuclease III (ExoIII) is a 3′--5′ DNA exonuclease whose activity is retarded by the presence of DNA--protein contacts ([@b39]). Hence, a limited ExoIII digestion can determine if there is a single, well-defined, nucleobase at the entrance of a rNCP. [Figure 3A](#fig3){ref-type="fig"} shows the results of ExoIII digestion of both free and rNCP AQ-157TG DNA. Free AQ-157TG is easily digested along its entire length by ExoIII, with some regions of preferred cutting apparent. After reconstitution onto NCPs, AQ-157TG is vigorously digested in the ∼10 bp region next to the AQ photooxidant, whereas the rest of the DNA is highly protected from ExoIII cutting. These experiments indicate that (i) the extended 10 bp overhang with the AQ cap is outside of the NCP, (ii) AQ does not interact with the histone proteins since we observe ExoIII activity on the surrounding nucleobases, and (iii) there appears to be only one major translational setting of AQ-157TG on the nucleosome surface since only the ∼10 bp of DNA proximal to the AQ-label are digested.

The term rotational setting refers to how the minor groove of the DNA duplex at each individual base pair is oriented with respect to the histone octamer ([@b31]). On an rNCP with only one rotational setting, there are specific regions where the minor groove rotates inward to face the histone protein core interspersed with regions where the minor groove rotates outward towards solution. Hydroxyl radical (OH^•^) footprinting is a very sensitive method to probe the DNA rotational setting in rNCPs ([@b31]). Generation of OH^•^ in the presence of DNA results in the induction of DNA strand breaks in regions where the phosphodiester backbone, and hence DNA minor groove, is exposed to solvent. The results of OH^•^ footprinting experiments on free and rNCP AQ-157TG are shown in [Figure 3B](#fig3){ref-type="fig"}. When free in solution, there is nearly equal intensity of strand breaks at every base as ascertained by autoradiography ([Figure 3C](#fig3){ref-type="fig"}). Conversely, AQ-157TG rNCPs show the expected periodical phasing of damaged/protected regions associated with a single DNA rotational setting ([Figure 3C](#fig3){ref-type="fig"}).

Taken together, the footprinting experiments and EMSAs indicate that there is one predominant structure of AQ-157TG in an rNCP and that any measurements of DNA CT come from a nearly homogenous source.

DNA charge transport in free AQ-157TG and rNCPs
-----------------------------------------------

Irradiation of both free and rNCP AQ-157TG was achieved by placing the samples in the rotating carrousel of a Luzchem photoreactor. The photoreactor was equipped with six ultraviolet-A (UV-A) lamps whose emission was centered at 350 nm and cutoff at 300 nm in order to selectively irradiate the AQ-photooxidant but not the DNA nucleobases or aromatic amino acid side chains of the histones. After irradiation at room temperature, the oxidative lesions arising from G^•+^ trapping reactions were treated with hot piperidine and the ensuing strand cleavage products visualized by autoradiography of a 8% PAGE/7 M Urea DNA sequencing gel. Separate time courses for both free and rNCP AQ-157TG DNA were conducted to ensure that single turnover conditions, as defined by the relative ratios of the oxidized guanine nucleobases remaining unchanged, were fulfilled in both samples (data not shown).

In the AQ-157TG sequence chosen for study, there are three guanine-containing steps in the first 28 bp of the 5′-^32^P labeled counterstrand (**BDF**). In order of increasing distance from AQ, these sites are labeled GG~1~, G~1~ and GG~2~ ([Figure 1C](#fig1){ref-type="fig"}). In free AQ-157TG DNA CT is observed over 95 Å (28 bp) to the 5′-Guanine of the GG~2~ step ([Figure 4A](#fig4){ref-type="fig"}, Lane 5). The yield of CT to the next single G in strand **BDF** (G~2~; 34 bp, 116Å from AQ) is not significantly above background. In addition, [Figure 4A](#fig4){ref-type="fig"} also displays the results using non-irradiated, piperidine treated AQ-157TG (Lane 4) indicating (i) the minimal background inherent in these experiments and (ii) the lack of piperidine-labile lesions in the absence of AQ photooxidation. Using autoradiography, the ratios of the strand break yields at each guanine step (GG~1~/G~1~, G~1~/GG~2~ and GG~1~/GG~2~) in free AQ-157TG were determined ([Table 1](#tbl1){ref-type="table"}, [Figure 4B](#fig4){ref-type="fig"}). These ratios give an approximate steady state snapshot of the guanine damage distribution resulting from the interplay between *k*~hop~ and *k*~trap~ ([Figure 1B](#fig1){ref-type="fig"}). In addition, the overall yield of guanine oxidative damage (*Y*~dam~, [Table 1](#tbl1){ref-type="table"}) was obtained by calculating the ratio of total piperidine-sensitive guanine oxidative damage to the intensity of all bands in that lane.

The rNCP samples were irradiated and treated with piperidine in exactly the same manner as the free AQ-157TG. A typical DNA sequencing gel resulting from these reactions is shown in [Figure 4A](#fig4){ref-type="fig"}. Once again, the non-irradiated samples (Lane 6) show the lack of piperidine-labile nucleobase oxidation products in the absence of photoinduced charge injection. A minor shift of the piperidine cleavage bands and the 157 bp parent band in the rNCP samples was repeatedly observed on the DNA sequencing gels. This shift was attributed to an rNCP-related gel artifact, and it does not interfere with the analysis of the oxidative damage product ratios or *Y*~dam~. A cursory examination of the sequencing gel in [Figure 4A](#fig4){ref-type="fig"} indicates that while the damage spectrum in free AQ-157TG (Lane 5) and rNCPs (Lane 7) is similar, there is an attenuation of the total yield of piperidine-labile guanine oxidation products in the rNCPs. This qualitative observation was quantified by autoradiography and it was found that the value of *Y*~dam~ decreases by ∼60% in the rNCPs ([Table 1](#tbl1){ref-type="table"}).

Not only is the overall yield of oxidative damage decreased in a NCP, but the distribution of oxidative damage is also perturbed by packaging DNA into chromatin structures ([Table 1](#tbl1){ref-type="table"}, [Figure 4B](#fig4){ref-type="fig"}). The site damage ratio GG~1~/G~1~ does not differ significantly between the free AQ-157TG and the rNCPs, however significant increases in the ratios G~1~/GG~2~ (46% increase), and GG~1~/GG~2~ (59% increase) were reproducibly observed in the rNCPs.

As a control reaction, we mixed free AQ-157TG with chicken erythrocyte NCPs at a 1:50 molar ratio in a 10 mM sodium phosphate buffer without performing a reconstitution and performed similar analyses as those carried out on the AQ-157TG rNCPs. An EMSA showed that incubation of AQ-157TG and native NCPs at low salt results in the formation of aggregates (Supplementary data) of uncharacterized structure. Irradiation of these aggregates followed by piperidine treatment resulted in a 30% reduction in *Y*~dam~ as compared with free AQ-157TG, but no changes in the damage ratios G~1~/GG~2~ and GG~1~/GG~2~ (data not shown).

Effect of histone tail removal on DNA charge transport in rNCPs
---------------------------------------------------------------

From X-ray crystallography and biophysical investigations, it is known that there are two distinct features of the core histones in a NCP. The first are the α-helical regions which form the histone surface which DNA wraps around ([@b17]). The second are the largely unstructured histone N-terminal and C-terminal tails which contain the majority of sites involved in generating the 'histone code' arising from posttranslational modifications such as acetylation and methylation ([@b40]). The histone tails are basic in nature, but do not make contact with the DNA wrapped around the NCP. However, there are reports indicating that the histone tails do make contact with the DNA linker regions between two NCPs in chromatin, regions similar to the AQ-labeled 10 bp overhang ([@b41]). Therefore, we investigated if the histone tails in the AQ-157TG rNCPs are responsible for the observed changes in the DNA CT dynamics by removing the N-terminal tails of native NCPs via a limited trypsin digestion prior to reconstitution (Supplementary data). OH^•^ footprinting verified no change in the rotational setting in the tailless AQ-157TG rNCPs (Supplementary data). Irradiation of the tailless rNCPs yielded DNA CT results indistinguishable from those of the native rNCPs ([Figure 4A](#fig4){ref-type="fig"}). We infer from this observation that the histone tails play no role in regulating the dynamics of CT in mononucleosomes.

DISCUSSION
==========

Progress in the field of DNA CT has been strongly driven by the possibility of novel applications of this phenomenon in materials science and biosensors ([@b42]). However, consideration of the consequences of efficient, long range DNA CT on fundamental processes in biology has lagged behind. In this paper we have chosen to interrogate the feasibility of intracellular DNA CT by modeling these reactions in a NCP, the fundamental building block of chromatin. The NCP presents a dramatically different DNA structure and environment compared with the typical Watson--Crick B-form structure ([@b43]). For starters, in the regions of the NCP where we observe CT the DNA is overwound and possesses an average 10.0 bp/turn rise instead of the typical 10.5 bp/turn. Also, the accessibility of the DNA grooves is perturbed by NCP formation. For instance, there are alternating regions where the DNA backbone, and hence minor groove, is facing away from the histone core surface and accessible from bulk solvent, interspersed with regions where the minor groove is rotated inwards towards the histone protein surface. The effects of these structural changes and solvent accessibility on DNA CT reactions are just starting to receive the attention they deserve ([@b44],[@b45]).

The DNA CT reactions reported here come from protein--DNA complexes whose molecular structure is well-characterized. Neither the extra 10 bp of DNA beyond the 147 in direct contact with the histone octamer nor the covalently tethered AQ photooxidant perturbed the ability of the TG-motif to generate stable rNCPs ([@b27]). From the EMSAs, AQ-157TG associates with the core histones to form mononucleosomes in \>95% yield, without the formation of higher order protein--DNA aggregates. The OH^•^ experiments indicate that AQ-157TG possesses only one rotational setting on the surface of a NCP. Structurally, this implies that there are specific contact points between the DNA backbone and the core histone proteins which do not vary from NCP to NCP. The ExoIII footprinting reactions show that AQ-157TG has only one translational setting in a NCP. This means that as counted from the 5′-AQ label, base pair 11 always resides near the entrance to the NCP, and there is no evidence for sliding of the DNA along the protein surface. In addition, the AQ-label and the proximal ∼10 bp of the duplex are out in solution and not associated with the histone octamer.

A comparison of the oxidative damage yields and distributions between AQ-157TG free and in rNCPs shows that there are several significant effects of chromatin packaging on DNA CT. The first effect is an overall decrease in piperidine-labile guanine oxidation products in the rNCPs when both free and rNCP samples are irradiated and subsequently treated under similar conditions. The decrease in *Y*~dam~ in the rNCPs ([Table 1](#tbl1){ref-type="table"}) arises solely from interactions between AQ-157TG and the folded histone core since the removal of the histone tails by trypsin digestion had no effect on the rNCP CT reactions. From the reaction scheme illustrated in [Figure 1B](#fig1){ref-type="fig"} we can propose and discuss three hypotheses which could account for the observed attenuation of oxidative damage in the rNCPs. Hypothesis 1: the yield of charge injection into the NCP is decreased because AQ preferentially associates with the histone proteins. This hypothesis can be ruled out because (i) full activity of both ExoIII and OH^•^ in the DNA proximal to AQ means AQ is not associating with the folded histone core and (ii) similar CT dynamics in both the native and tailless AQ-157TG rNCPs implies that AQ is not associating with the histone tails. Hypothesis 2: charge liberation is inefficient because O~2~ is restricted from oxidizing AQ^•-^. We reject this hypothesis because the DNA near the AQ is accessible to OH^•^ generated in solution, and it is difficult to envision a scenario where OH^•^ and O~2~ accessibility would differ so dramatically. Hypothesis 3: the rates of charge trapping at G^•+^ to form piperidine-labile lesions (*k*~trap~) and/or the rates of hole transport between neighboring guanines (*k*~hop~) are different between the rNCP and free DNA environments. The perturbation of either *k*~trap~ or *k*~hop~ by the formation of a rNCP is plausible for two reasons. First, *k*~hop~ may decrease because the DNA in the entrance to the nucleosome is overwound, and thus the bases are stacked closer together and have a slightly larger helical twist angle as compared to B-form DNA. From quantum chemical calculations ([@b46],[@b47]), changes in either of these DNA structural features can perturb the relative energetics of the GG and G oxidation sites in AQ-157TG. According to Marcus theory, these changes in energetics could lead directly to changes in *k*~hop~ ([@b48]). Additionally, the change in the energetics of G^•+^ could also perturb *k*~trap~ ([@b49]). A second possibility would be changes in *k*~trap~ in the rNCPs arising from DNA--protein contacts restricting the accessibility of trapping reagents to G^•+^.

With just the *Y*~dam~ values, we would be unable to ascertain whether the changes in structure or solvent accessibility were responsible for the changes in CT dynamics in the rNCPs. However, the differences in the site-specific relative yields of piperidine-labile damage in AQ-157TG rNCPs allow us to propose a clearer picture of how DNA packaging perturbs DNA CT in AQ-157TG. In the non-AQ counterstrand of AQ-157TG (**BDF**), the three sites of guanine oxidation are labeled GG~1~ (7 bp from AQ), G~1~ (16 bp from AQ) and GG~2~ (28 bp from AQ) ([Figure 1C](#fig1){ref-type="fig"}). While the damage ratio GG~1~/G~1~ is insensitive to DNA compaction, there are significant increases in the ratios GG~1~/GG~2~ and G~1~/GG~2~ when AQ-157TG is incorporated into a NCP ([Table 1](#tbl1){ref-type="table"}, [Figure 4B](#fig4){ref-type="fig"}). These results imply that there might be something specific occurring to GG~2~ in the rNCP which changes the relative *k*~hop~ and/or *k*~trap~ values associated with this site, but not sites GG~1~ or G~1~. Coupling together the ExoIII and OH^•^ footprinting data in this paper with the previously reported high resolution crystal structure of a core particle ([@b17]), we can map out the structural environment of GG~1~, G~1~ and GG~2~ in AQ-157TG rNCPs ([Figure 5](#fig5){ref-type="fig"}). First GG~1~ is located in a DNA region resembling naked DNA since it does not associate with the histone proteins in the rNCPs. While both G~1~ and GG~2~ lie within the DNA region compacted into the NCP structure, both oxidation sites are located in regions where the DNA major groove is rotated out towards bulk solvent ([Figure 5B](#fig5){ref-type="fig"}). Since the solvent accessibility of G~1~ and GG~2~ appear to be so similar, we contend that changes in *k*~trap~ due to nucleobase accessibility plays a relatively minor role in the differences in the site damage yields observed between free and rNCP AQ-157TG.

There is a specific DNA--protein interaction in the AQ-157TG rNCPs which could be a possible explanation for the decrease in CT to site GG~2~. In NCP crystal structures, the histone H2A Arg77 guanidinium side chain is inserted into the DNA minor groove and causes a local kink in the DNA structure by making hydrogen bonds with phosphate groups from the base pairs 16 and 19 nt away from the NCP entrance ([@b17]). Mapping AQ-157TG onto the NCP crystal structure shows that GG~2~ lays dead center of this region, occupying base pairs 17 and 18 from the entrance of the NCP. This local structural change in the DNA near GG~2~ could perturb the energetics of this oxidation site and thus perturb either *k*~hop~ or *k*~trap~. While the charge transfer attenuation here is not as dramatic as the Arg-induced diminution of DNA CT in the BamHI experiments of Saito *et al*. ([@b22]) it suggests that protein--DNA interactions can play subtle, but significant roles in controlling the observed distribution of DNA oxidative damage in protein--DNA complexes. Clearly, additional experimental and theoretical research is needed to address these structural effects further.

There is only one other report of photoinduced DNA CT reactions in the setting of a NCP ([@b21]). In contrast to the results obtained here, Nunez *et al*. found that there was little to no difference in DNA CT dynamics in a rNCP vs. naked DNA. There are several critical differences between these two studies which should be noted. First, the photooxidant used in each experiment is different in nature. Nunez *et al*. utilized an intercalating Rh-photoinjection system, whereas we have used the smaller end-capping AQ. We note that the absence of reported DNA footprinting experiments on the Rh-labeled rNCPs raises the possibility that their large organometallic photooxidant may have led to changes in rNCP structure, e.g. changes related to DNA aggregation phenomena known to arise from Rh-labeled DNA ([@b32],[@b50]). A second difference is that the DNA sequences used in both studies are not the same. The prior report utilized the palindromic DNA sequence from the crystal structures of Luger *et al*. ([@b51]) whereas we have used DNA duplexes built around the TG motif. It may be that the differences between their studies and ours are due to differences in the thermodynamic stability and DNA rotational and/or translational freedom inherent in the two different DNA sequences utilized. If true, this would imply that the effects of NCP formation on DNA CT may vary between different genomic regions based upon the thermodynamic stability of the NCPs present. We are currently investigating this hypothesis by performing DNA CT studies on rNCPs formed from DNA sequences of varying thermodynamic stability and sequence. We also note that our observation of decreased DNA damage in both the AQ-157TG-NCP aggregates and the AQ-157TG rNCPs is similar to the results in a recent report by Das and Schuster ([@b52]) on DNA CT reactions in DNA--spermidine condensates. The similarities between these two studies indicates that one of the constant effects of *in vivo* DNA packaging, in all of its guises, may be to decrease DNA oxidative damage arising from long-range CT reactions.

The observation that the NCP can attenuate DNA CT is important from a biological standpoint because it indicates that chromatin may act as a protective barrier against long-range charge migration in genomic DNA sequences. In addition, it implies that oxidative damage may not occur randomly in genomic DNA during times of oxidative stress, but that it might arise from preferential trapping at guanines located in inter-nucleosomal linker regions and near the entrance to the nucleosome ([@b53]). This scenario would have important implications for DNA repair processes like Base Excision Repair (BER) which must find and repair nucleobase-derived oxidative lesions buried in the vast sea of chromatin in the eukaryotic nucleus. If oxidative damage occurs preferentially in the DNA linker regions, these sites may be easily repaired since they only make contact with the relatively unstructured tail regions of the core histones ([@b41]). Also, oxidative lesions in the first turns of the NCP may be easily repaired as well. Recent FRET measurements on reconstituted NCPs have shown that there is a periodic unwinding of the first couple of turns of DNA near the entrance of a nucleosome ([@b53],[@b54]). This limited dissociation of the DNA--histone complex may be adequate to allow repair proteins access to any damage sites which are present in the entrance region of the nucleosome. Contrast these scenarios to the case of oxidative damage in the DNA more tightly associated with the histone octamer. Recent experiments by Beard *et al*. ([@b55]) on the efficiency of the removal of uracil residues in nucleosomal DNA by the BER repair protein Uracil deglycosylase have shown a 10 fold decrease in repair efficiency when a uracil is packaged into a rNCP. Therefore, keeping charge migration from leading to oxidative lesions deep in a NCP might be advantageous to the cell, since BER repair processes appear to be hindered by nucleosome packaging.

In conclusion, we have found significant differences in the dynamics of DNA-mediated hole transport in the presence and absence of packaging into a NCP. The NCPs utilized in this work are structurally well-characterized and this has allowed us to strongly correlate many of the changes in the guanine oxidative damage yields in the rNCP with the observed changes in DNA structure and environment arising from interaction with the core histone proteins. CT attenuation arises solely from interactions between the DNA and the folded core of the histone octamer since removal of the histone tails has no effect on DNA CT reactions in rNCPs. Clearly, future experimental and theoretical work will need to focus upon the origin of these changes in DNA hole transport dynamics, as well as focus upon the effects of higher order chromatin structure, such as the formation of the 30 nm fiber, on intracellular DNA hole transport reactions.
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![(**A**) Chemical structure of the AQ Photooxidant. (**B**) Reaction mechanism of photoinduced DNA oxidation in AQ-labeled DNA. Details of each reaction step are provided in the Results section. (**C**) Sequence of the AQ-157TG duplex proximal to the AQ photooxidant. The full DNA sequence can be found in the Materials and Methods section.](gkl030f1){#fig1}

![(**A**) Ethidium-stained 3% Agarose gel showing the results of a typical ligation reaction used to produce AQ-157TG. Lane 1 is a 50 bp DNA ladder, and Lane 2 contains the ligation mixture. Assignment of the bands in Lane 2 is indicated in the figure. (**B**) A native 6% acrylamide electrophoretic mobility shift assay (EMSA) showing the reconstitution efficiency of AQ-157TG. Lanes: (1) Free AQ-157TG, (2) and (3) separate rNCP preparations, and (4) 50 bp DNA ladder.](gkl030f2){#fig2}

![Structural characterization of AQ-157TG rNCPs. (**A**) Exonuclease III footprinting of AQ-157TG rNCPs (lane 1) and free AQ-157TG (lane 2). The restriction of ExoIII activity to the ∼10 bp proximal to AQ in the AQ-157TG rNCPs is evident. (**B**) Autoradiogram of hydroxyl radical footprinting on AQ-157TG rNCPs (lanes 1 and 2) and free AQ-157TG (lane 3). (**C**) Partial scan of the footprint in B of both free AQ-157TG (bottom) and AQ-157TG rNCPs (top). The 10 bp periodic cutting in the rNCPs is apparent.](gkl030f3){#fig3}

![(**A**) Visualization of DNA charge transport products in free AQ-z157TG, rNCPs, and tailless rNCPs as a function of 60 min. of UV-A irradiation and hot piperidine treatment. Lanes: (1) Maxam-Gilbert G ladder, (2) Maxam-Gilbert G+A ladder, (3) 10 bp DNA ladder, (4) free AQ-157TG, (5) free AQ-157TG, (6) AQ-157TG rNCPs, (7) AQ-157TG rNCPs, (8) tailless AQ-157TG rNCPs. (**B)** Graphical representation of the damage ratios GG~1~/G~1~, G~1~/GG~2~, and GG~1~/GG~2~ from [Table 1](#tbl1){ref-type="table"}.](gkl030f4){#fig4}

![**(A)** Crystal structure of the NCP (Protein Data Bank Accession no. 1KX5) with 147 bp of DNA (nucleobases = purple, sugar-phosphate backbone = blue) modified to include a 10 bp extension and a covalently attached AQ (green) end-capped onto the DNA. The histone octamer is in orange. The relative positions of the guanine oxidation sites GG~1~, G~1~, and GG~2~ of AQ-157TG are highlighted in yellow. (**B**) Illustration of the rotational position of the DNA major groove in the AQ-157TG rNCPs as deduced from Part A. The relative position of damage sites GG~1~, G~1~ and GG~2~ with respect to the histone protein surface is indicated.](gkl030f5){#fig5}

###### 

Quantitative values for the site damage distribution ratios GG~1~/G~1~, G~1~/GG~2~ and GG~1~/GG~2~ for free AQ157-TG and rNCPs

  DNA sample      *Y*~dam~   GG~1~/G~1~   G~1~/GG~2~   GG~1~/GG~2~
  --------------- ---------- ------------ ------------ -------------
  Free AQ-157TG   0.64       2.6          1.2          3.2
  AQ-157TG rNCP   0.21       2.6          2.0          5.2

*Y*~dam~ values for AQ157-TG and the AQ-157TG rNCPs were determined by normalizing for total damage in a single lane, i.e. *Y*~dam~=1 − (parent band/total lane counts). All values are averages over five independent experiments.
